Abstract Semaphorin 4D (SEMA4D) is a member of a family of transmembrane and secreted proteins that have been shown to act through its receptor Plexin-B1 to regulate axon growth cone guidance, lymphocyte activation, and bone density. SEMA4D is also overexpressed by some malignancies and plays a role in tumor-induced angiogenesis similar to vascular endothelial growth factor (VEGF), a protein that has been targeted as part of some cancer therapies. In an attempt to examine the different effects on tumor growth and vascularity for these two proangiogenic factors, we previously noted that while inhibition of both VEGF and SEMA4D restricted tumor vascularity and size, vessels forming under conditions of VEGF blockade retained their association with pericytes while those arising in a background of SEMA4D/Plexin-B1 deficiency did not, an intriguing finding considering that alteration in pericyte association with endothelial cells is an emerging aspect of anti-angiogenic intervention in the treatment of cancer. Here we show through array analysis, immunoblots, migration and co-culture assays and VEcadherin immunohistochemistry that SEMA4D production by head and neck carcinoma tumor cells induces expression of platelet-derived growth factor-B and angiopoietinlike protein 4 from endothelial cells in a Plexin-B1/Rhodependent manner, thereby influencing proliferation and differentiation of pericytes and vascular permeability, whereas VEGF lacks these effects. These results partly explain the differences observed between SEMA4D and VEGF in pathological angiogenesis and suggest that targeting SEMA4D function along with VEGF could represent a novel anti-angiogenic therapeutic strategy for the treatment of solid tumors.
Introduction
Plexins are transmembrane receptors that regulate cell motility and adhesion in a variety of tissue types. There are nine known plexins, Plexin-A1 to A4, -B1 to B3, -C1 and -D1, grouped according to domain structure, which bind their primary ligands, the semaphorins (SEMAs) [1] . The SEMAs are grouped into eight classes: Class I, IV, V, and VI cross the membrane, class VII is GPI-linked directly to the membrane, and classes II and III are secreted (the final class is a viral SEMA). Some class III SEMAs require neuropilins (NPs) as co-receptors, which are also known to participate in vascular endothelial growth factor (VEGF) signaling [2] . Promiscuity in binding exists between different SEMA classes and the various plexins, though binding partners and their effects on cell physiology are likely modulated in a cell-specific manner. SEMAs and plexins are known to influence a wide range of processes in both health and disease including the development and regeneration of the nervous and cardiovascular systems, bone development and density, and activation of lymphocytes [3] . Our lab and others have shown that Semaphorin 4D (SEMA4D) is pro-angiogenic when acting through its receptor Plexin-B1 on endothelial cells [4, 5] and may be produced by malignancies for the purposes of promoting blood vessel growth into the tumor in a manner analogous to VEGF [6] . Both SEMA4D and VEGF are potent proangiogenic, pro-survival factors upregulated in malignancies under conditions of hypoxia [7] .
The role of VEGF and its receptor VEGFR-2 in tumorinduced angiogenesis has been well characterized, but less is known about the effects of other factors expressed during cancer progression, such as SEMA4D. In an effort to compare the contributions of SEMA4D and VEGF to tumor growth and vascularity, we altered production of both proteins alone or in combination with RNA interference, blocking antibodies and through manipulation of the hypoxia response and noted a reduction in tumor size and vascularity [8, 9] . However, vessels from tumors composed of cells with inhibited VEGF retained a close association with pericytes, similar to what others have reported [10] , while tumors composed of cells in a background of SEMA4D blockade lacked this feature [8] . These findings led us to investigate the inherent difference in how these factors influence recruitment of pericytes and control vascular maturity and permeability.
Here, through the use of arrays, immunoblot analysis, in vitro and in vivo measurements of angiogenesis and VEcadherin immunohistochemistry, we demonstrate that soluble SEMA4D and SEMA4D derived from head and neck squamous cell carcinoma (HNSCC) cell lines drives endothelial production of platelet derived growth factor (PDGF)-B and angiopoietin-like 4 (ANGPTL4) in a Plexin-B1/RhoA-dependent manner, an effect we failed to observe with VEGF. PDGF-B is a crucial player in differentiation and chemotaxis of pericytes, which express its receptor PDGFR-b and respond by associating with endothelial cells in blood vessels [11] . The role of tumors in this process is not well described, even though failure of anti-VEGF/VEGFR-2 therapy may be linked to protection of newly formed tumor vessels by pericyte sheaths [12, 13] . Even less is known about ANGPTL4. First identified in adipose tissue where it was shown to inhibit lipoprotein lipase and raise plasma triglyceride levels [14, 15] , recent studies have demonstrated that this protein is upregulated in tumors, including HNSCC, also under conditions of hypoxia [16] [17] [18] [19] . ANGPTL4 induces vascular permeability by interfering with VE-cadherin function, thereby promoting angiogenesis, influencing tumor survival and enhancing metastasis [17, 20, 21] .
A new concept in anti-angiogenic therapy is emerging involving combined targeting of endothelial cells and pericytes. This strategy might be able to prevent angiogenesis through inhibition of vessel stabilization, while at the same time suppressing metastatic potential [13] . The results presented here highlight mechanistic differences between SEMA4D and VEGF in tumor-induced angiogenesis and suggest that SEMA4D blockade could be an excellent form of treatment for some malignancies concurrent with anti-VEGF therapy, or where anti-VEGF therapy has failed to achieve a desired outcome.
Materials and methods

Cell culture
Human umbilical vein endothelial cells (HUVEC, ATCC, Manassas, VA) were cultured in Endothelial Cell Medium-2 (EGM-2, Lonza, Basel, Switzerland). 293T (ATCC) cells and HNSCC cell lines [22] were cultured in DMEM (Sigma, St. Louis, MO) supplemented with 10 % fetal bovine serum (unless otherwise indicated) and 100 units/ml penicillin/streptomycin/amphotericin B (Sigma). The human pericyte line hPC-PL (PromoCell, Heidelberg, Germany) were grown in pericyte growth medium (PromoCell) and C3H/10T1/2 embryonic mesenchymal stem cells (a gift from Dr. Snigdha Banerjee [23] ) were grown in DMEM supplemented with 10 % fetal bovine, 233.6 lg/ml glutamine, 25 mM glucose, and 100 units/ml penicillin/ streptomycin/amphotericin, and treated as indicated.
Purification of soluble SEMA4D
Soluble SEMA4D (sSEMA4D) was produced and purified as described previously [4] . Briefly, the extracellular portion of SEMA4D was subjected to PCR and the resulting product cloned into the plasmid pSecTag2B (Invitrogen, Carlsbad, CA). This construct was transfected into 293T cells growing in serum free media. Media containing sSEMA4D was collected 65 h post-transfection and purified with TALON metal affinity resin (Clontech Laboratories, Palo Alto, CA) according to manufacturer's instructions. Concentration and purity of the TALON eluates was determined by SDS PAGE analysis followed by silver staining (Amersham Life Science, Piscataway, NJ) and the Bio-Rad protein assay (Bio-Rad, Hercules, CA). In all cases, media collected from cells transfected with the empty pSecTag2B vector were used as control.
Angiogenesis arrays
Antibody-based angiogenesis arrays were purchased from RayBiotech (Norcross, GA), with experiments performed according to manufacturer's instructions. Briefly, 1 9 10 6 HUVECs were grown in serum free media in a 100 mm tissue culture plate overnight and then treated with 100 ng/ ml of VEGF or 800 ng/ml of sSEMA4D for 2 h, lysed in 1X RayBiotech Cell Lysis Buffer, and 50 lg of lysate applied to the protein array slides (sandwich ELISAs) containing antibodies for specific angiogenesis-associated proteins. Slides were processed at RayBiotech with fluorescent dyeconjugated streptavidin, scanned, and relative pixel intensity determined.
ELISA assay
Confluent HUVECs were serum starved for 4 h, then cultured in serum free medium with 800 ng/ml SEMA4D. Conditioned media were collected at the indicated time points and used to analyze PDGF-B and ANGPTL4 production by ELISA (Cytokine Core Facility, University of Maryland School of Medicine). Results are expressed as the average and standard deviation for three independent experiments.
Rho pull-down assay HUVEC were washed in PBS and grown in serum free medium for 36 h. The cells were then washed in PBS and treated with 800 ng/ml sSEMA4D with or without 6 lg/ml C3 toxin (List Biological Laboratories, Campbell, CA) for the time points indicated. Cells were washed with PBS and lysed in lysis buffer [50 mM Tris-HCl, 150 mM NaCl, 1 % NP 40 supplemented with protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 1 ll/ml aprotinin and leupeptin, Sigma) and phosphatase inhibitors (2 mM NaF and 0.5 mM sodium orthovanadate, Sigma)]. Rho activity was assessed using purified glutathione S-transferase-rhotekin-RBD previously bound to glutathione-Sepharose 4B (Amersham Pharmacia, Sweden) to affinity precipitate GTP-bound RhoA. Western blot analysis of total and active Rho was performed using a monoclonal antibody against RhoA (Santa Cruz Biotechnology; 26C4). Immuno-complexes were visualized by enhanced chemiluminescence detection (Amersham Life Science) using goat anti-mouse coupled to horseradish peroxidase as a secondary antibody (Santa Cruz).
Immunoblots
Cells grown in serum free media, 10 % serum, or treated with sSEMA4D or VEGF, as indicated, were lysed in lysis buffer (see above) for 15 min at 4°C. After centrifugation, protein concentrations were measured using the Bio-Rad protein assay (Bio-Rad). 100 lg of protein from each sample was subjected to SDS-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Immobilon P, Millipore Corp., Billerica, MA). The membranes were then incubated with the following antibodies: anti-PDGF-B (LifeSpan Biosciences, Seattle, WA); anti-ANGPTL4 (Chemicon/Millipore); anti-GAPDH (Sigma); anti-RGS5 (Sigma); anti-aSMA (Abcam, Cambridge, MA ab5694); anti-aNG2 (Thermo Scientific, Waltham, MA) [24] ; anti-Plexin-B1 (A8, Santa Cruz Biotech, Santa Cruz, CA); anti-SEMA4D (BD Transduction Labs, BD Biosciences, Palo Alto, CA). Proteins were detected using the ECL chemiluminescence system (Pierce, Rockford, IL). Where indicated, cells were treated with 6 lg/ml C3 toxin (List Biological Laboratories) or 4 lg/ml isotype-matched control IgG or anti-PDGF-B antibody.
Short hairpin (sh) RNA and lentivirus infections
The shRNA sequences for human SEMA4D and Plexin-B1 were obtained from Cold Spring Harbor Laboratory's RNAi library (RNAi Central, http://cancan.cshl.edu/RNAi_ central/RNAi.cgi?type=shRNA) [25, 26] . The sequences used as PCR templates for SEMA4D and Plexin-B1 shRNA have been previously reported [6, 27] . Oligos were synthesized (Invitrogen) and cloned into pWPI GW, a Gateway compatible CSCG based lentiviral destination vector as previously described [6, 28, 29] . Viral stocks were prepared and infections performed as previously reported [6] .
RNA isolation and RT-PCR analysis
RNA was extracted from HUVEC cell lysates, controls or those treated with sSEMA4D or VEGF, with or without C3 toxin, and converted into cDNA using the AMV reversetranscriptional system (Promega, Madison, WI) in the presence of random hexamers (Invitrogen). 0 . An MYIQ real-time PCR detection system and SYBR green PCR mix (Bio-Rad) were used to carry out real-time PCR. The relative abundance of transcript was quantified using the comparative Ct method with 18S as an internal control. All data were analyzed from three independent experiments and statistical significance validated by Student's t test.
Proliferation assays
Cell proliferation rate was determined using CCK-8 (Dojindo Molecular Technologies, Gaithersburg, MD), per manufacturer's instructions. Cells were grown in 100 ll of culture medium and placed into 96-well plates at a concentration of 3 9 10 3 cells/well. Cells then were incubated with 5 ll of CCK-8 for 1 h at 37°C. Absorbance at 450 nm was measured using a plate reader.
In vitro migration assays Serum free media conditioned by HUVECs or head and neck (HN)12 and HN13 cells, control infected or infected with lentivirus expressing Plexin-B1 shRNA and treated with 800 ng/ml sSEMA4D with or without 4 lg/ml IgG or anti-PDGF-B antibody, where indicated, were used as the chemoattractants for C3H/10T1/2 or hPC-PL cells migrating through a polyvinylpyrrolidone membrane (8 l pore size, Osmonics; GE Water Technologies, Trevose, PA) in a Boyden chamber assay, as previously described [4] . 0.1 % BSA was used as the negative control. Cell migration was expressed as pixel intensity of stained, scanned membranes. Each experiment was performed in triplicate and average and standard deviation calculated.
Pericyte and endothelial cell co-culture assays Co-culture of hPC-PL with HUVEC was performed on Cultrex reconstituted basement membrane extract (Trevigen, Gaithersburg, MD), as previously described [30] . Briefly, cells were grown in DMEM with or without 4 lg/ ml IgG or anti-PDGF-B antibody, 6 lg/ml C3 toxin (List Biological Laboratories), or where endothelial cell expression of Plexin-B1 was silenced with shRNA (see above), for 48 h in the presence of 800 ng/ml sSEMA4D or media conditioned by HN12 or HN13 cells. Cells were fixed with 4 % paraformaldehyde and stained using anti-CD31 antibody (Millipore; 1:200 dilution) and PDGFR-b (Abcam, 1:200 dilution). Secondary antibodies were FITCgoat anti-rat (Santa Cruz) and Texas red-goat anti-rabbit (Abcam). Slides were examined with a Nikon Eclipse E800 microscope system. Tumor cell injections and animal studies 1 9 10 6 HN12 or HN13 cells, controls or infected ex vivo with lentiviruses coding for SEMA4D shRNA or Plexin-B1 shRNA, were resuspended in 100 ll of serum-free DMEM with an equal volume of liquid Cultrex basement membrane extract (Trevigen) and injected subcutaneously into the flanks of immunocompromised nude mice. Animals were euthanized and tumors removed for sectioning and processing for immunofluorescence (see below). All animal studies were approved by the University of Maryland Office of Animal Welfare, Institutional Animal Care and Use Committee, in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Endothelial cell and pericyte immunofluorescence
Tumor tissues were processed for co-immunofluorescence as described [31] . Briefly, OCT-embedded 8 lm thick frozen tissue sections were cut onto silanated glass slides, air-dried, and stored at -80°C. Cryosections were thawed, hydrated, fixed, blocked in 10 % FBS, and incubated overnight at 4°C with primary antibodies diluted in a 2 % BSA/0.1 % Tween 20 solution in PBS. The following primary antibodies were used: anti-CD31 (anti-PECAM, BD Pharmingen; 1:100 dilution); anti-PDGFR-b (Abcam, 1:200 dilution). After washing with PBS, the slides were incubated with FITC-conjugated anti-rat (Sigma) and Texas red-conjugated anti-rabbit (Calbiochem, EMD Biosciences, San Diego, CA) secondary antibodies for 1 h at room temperature. Finally, the slides were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) and examined with a Nikon Eclipse E800 microscope system. Blood vessel and pericyte density was determined by counting the number of stained vessels in 10 fields at a magnification of 1009 and calculating the average and standard deviation.
VE-cadherin internalization and immunofluorescence
VE-cadherin internalization was tracked using the anti-VEcadherin BV6 clone antibody uptake assay. Sub-confluent HUVEC cultures, controls or with silenced ANGPTL4, were first incubated with BV6 antibody (1:200 dilution; Enzo Life Sciences) at 4°C for 1 h to label surface VEcadherin. Samples were then washed with ice-cold PBS and treated with serum free DMEM containing 100 ng/ml VEGF or 800 ng/ml sSEMA4D for 8 h at 37°C. After extensive PBS washes, cells were either fixed in 4 % paraformaldehyde for 15 min or subjected to acid wash in 0.1 M Glycine, pH 2.7, for 15 min at room temperature prior to fixation. Cells were permeabilized with 0.5 % PBS-Triton X-100 for 5 min and blocked in 3 % PBS-BSA for 45 min, followed by 1 h incubation with Alexa Fluro 555 goat anti-mouse IgG2a (Invitrogen), 1:400 dilution in 3 % PBS-BSA. Samples were then stained with DAPI (1:1,000 dilution in PBS; Invitrogen) for 10 min, mounted in Mounting Medium (Vector Laboratories), and analyzed by a Nikon Eclipse 800 microscope.
Statistical analysis
Student's paired t tests were performed on means, and p values calculated: * p B 0.05; ** p B 0.01. 
R E T R A C T E D A R T I C L E Results
Treatment of endothelial cells with SEMA4D, but not VEGF, elicits production of PDGF-B and ANGPTL4 in a Rho-dependent manner Having noticed differences between SEMA4D and VEGF on malignant cell proliferation, tumor growth, and the quality of tumor vasculature, including association of endothelial cells with pericytes and hence vessel stability and maturity [8] , we wanted to examine the effects of these two proteins on endothelial cell production of pro-angiogenic factors. HUVECs treated for 2 h with soluble SEMA4D (sSEMA4D) examined by an ELISA angiogenesis array revealed induction of PDGF-B and ANGPTL4, relative to controls (Fig. 1a , upper right panel, upregulated proteins indicated in red), whereas VEGF failed to show a similar response (Fig. 1a , lower right panel, unchanged proteins in yellow). IL-8 production also increased in the presence of sSEMA4D, which was expected since we have observed this effect before [27] and therefore served as an internal control (Fig. 1a) . Interestingly, VEGF treatment of HUVECs caused an increase in VEGF production from these cells in the array. We suspect that this might be residual VEGF bound to cells following treatment and not true VEGF production, but it remains a possibility. The results of the array are quantified by fluorescence intensity, relative to negative controls, in Fig. 1b . The array studies were done using cell lysates, so we wanted to confirm production of soluble protein with an ELISA on media conditioned by HUVEC incubated with sSEMA4D and VEGF. These results confirm production of PDGF-B and ANGPTL4 (Fig. 2c , left and right panels respectively) compared to controls, starting at about 2 h post-treatment. We and others have shown that when activated by SEMA4D, Plexin-B1 signals through Rho to elicit many of its effects [4, 32, 33] . To decipher this mechanism in endothelium, we treated HUVECs with sSEMA4D, with and without the Clostridium botulinum toxin C3, which is known to inhibit activation of Rho signaling pathways, and performed a pulldown assay for GTP-bound, active Rho. We observe that sSEMA4D specifically activates Rho signaling in HUVECs, an effect lost in cells incubated with C3 (Fig. 1d) . To confirm the results of the ELISAs, and to demonstrate that upregulation of PDGF-B and ANGPTL4 require intact Rho signaling, we performed an immunoblot for PDGF-B and ANGPTL4 in HUVECs treated with VEGF and sSEMA4D, with and without C3 toxin. Similar to the array, cells incubated with VEGF failed to exhibit upregulation of these proteins while sSEMA4D did (Fig. 1e) . However, co-treatment with C3 suppressed these effects at 24 and 48 h (Fig. 1e) . These results were further confirmed by RT-PCR, demonstrating that this is a transcriptional effect (Fig. 1f) . Taken together, these findings show that SEMA4D induces Plexin-B1/RhoA-dependent production of PDGF-B and ANGPTL4 from HUVECs while VEGF does not, suggesting a possible mechanism for differences of these two pro-angiogenic proteins observed in endothelial cells [8, 9] . SEMA4D-induced production of PDGF-B by HUVECs promotes differentiation of mesenchymal stem cells into pericytes and pericyte proliferation, chemotaxis, and association with HUVECs in a capillary network.
PDGF-B is a crucial factor in the recruitment of pericytes to newly formed vessels [11] . Both endothelial and non-endothelial cells may produce PDGF-B in physiological and pathological angiogenesis to induce differentiation of mesenchymal stem cells into pericytes and their association with blood vessels [34] . Therefore, to test the significance of SEMA4D-induced production of PDGF-B by endothelial cells, we used the mouse embryonic mesenchymal stem cell line C3H/10T1/2, isolated from C3 H mouse embryo pluripotent stem cells that have been shown to have the ability to differentiate into a variety of mesodermal lineages [23] and incubated them in media conditioned by HUVEC with and without serum, treated with -PDGF-B ). e Quantification of stained migration assay membrane, determined by pixel intensity (Yaxis). Error bars represent the standard deviation from three migrations per condition. f HUVECs (green) were co-cultured with hPC-PL cells (pericytes, red) in the presence of sSEMA4D (left three columns) or in media conditioned by HN12 cells (middle three columns) or HN13 cells (right three columns), either in control conditions (top row), or in the presence of anti-PDGF-B antibody (second row), where Plexin-B1 was silenced in HUVECs with shRNA (Plexin-B1 shRNA, third row) or incubated with C3 toxin (fourth row). Co-association of these cells is shown (merge, yellow). g Quantification of co-association assay (% counted HUVECs in 10 hpf associated with pericytes, Y-axis; * p B 0.05; ** p B 0.01 for all graphs). h Immunoblot for Plexin-B1 (upper panel) in 293T transfected with a Plexin-B1 construct, hPC-PL cells and HUVECs, to rule out direct effects of SEMA4D on pericytes. GAPDH was used a loading control for all blots (lower panels) sSEMA4D with and without anti-PDGF-B blocking antibody. Using expression of RGS5, aSMA [35] and NG2 [24] as indicators of pericyte differentiation, we observed a slight increase in expression of these proteins in serum alone and a more robust response in cells grow in media conditioned by sSEMA4D treated HUVECs (Fig. 2a) . This effect was reduced in cells incubated with anti-PDGF-B blocking antibody (Fig. 2a) . Differentiation was dependent upon Plexin-B1 function in HUVECs, as media conditioned by HUVEC where this receptor was knocked down with an shRNA-expressing lentivirus could not elicit RGS5, aSMA and NG2 upregulation in C3H/10T1/2 Angiogenesis (2014) 17:261-274 267
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R E T R A C T E D
A R T I C L E (Fig. 2b) . To examine effects on proliferation, C3H/10T1/2 were grown in serum free media conditioned by control HUVECs, or HUVECs treated with sSEMA4D but with silenced Plexin-B1 or incubated with IgG or anti-PDGF-B blocking antibody. Proliferation was noted at 2 and 4 days only in populations where sSEMA4D could signal through Plexin-B1 in HUVEC and where PDGF-B in the medium was not blocked with antibody (Fig. 2c) , indicating that SEMA4D/Plexin-B1-mediated production of PDGF-B by HUVEC was causing proliferation. To determine PDGF-B effects on migration, C3H/10T1/2 cells were used in a migration assay towards media containing 0.1 % BSA (negative control) or media conditioned by HUVEC, untreated or treated with sSEMA4D but control infected or infected with Plexin-B1 shRNA-expressing lentiviruses or where cells were incubated with IgG or anti-PDGF-B antibody, similar to the conditions in Fig. 2c . Migration was only observed towards media conditioned by HUVEC treated with sSEMA4D that had functional Plexin-B1 or where PDGF-B was not neutralized by antibody, when compared to controls (Fig. 2d) . The results of the migration assay are quantified in Fig. 2e . We next co-cultured HUVEC, controls or those with silenced Plexin-B1, with cells of the human pericyte line hPC-PL in the presence or absence of anti-PDGF-B blocking antibody, either in sSEMA4D or in media conditioned by HN12 or HN13 cells, looking for their coassociation by immunofluorescence [30] . HUVECs (Fig. 2f, in green) and pericytes (red) exhibited association (merge, yellow) under conditions where Plexin-B1 was expressed in HUVECs and PDGF-B was not bound by blocking antibody, in both sSEMA4D (left three columns) or media conditioned by HN12 (middle three columns) or HN13 cells (right three columns), which are known to shed SEMA4D from the cell surface through proteolysis [36, 37] . Quantification of co-association of pericytes with HUVECs is shown in the graph in Fig. 2g . To determine if any of these observations could be the result of direct effects of SEMA4D on pericytes, we looked for the presence of Plexin-B1 on hPC-PL cells. Figure 2h demonstrates a lack of detectable Plexin-B1 in hPC-PL when compared to 293T cells transfected with a Plexin-B1 construct or HUVECs, which acted as positive controls. Taken together, these results demonstrate that PDGF-B produced by HUVEC in response to SEMA4D induces pericyte differentiation of stem cells, their proliferation and migration, and their association with HUVECs, suggesting a crucial role for SEMA4D in crosstalk between endothelial cells and pericytes for vascular development and maturity.
Effects of tumor cell SEMA4D/Plexin-B1 on vasculature Some transformed cells express both SEMA4D and Plexin-B1 [38] , so the possibility exists that malignant cells might be a source of PDGF-B and ANGPTL4 as a result of an autocrine or paracrine signaling mechanism that could influence endothelial-pericyte communication in pathological or tumor-induced angiogenesis. To test this and any effects such products might have on tumor vasculature, we first looked for production of these proteins in an immunoblot in HN12 cells with and without silenced SEMA4D and Plexin-B1. We confirmed knockdown of these proteins through infection with lentiviruses coding for the appropriate shRNAs in an immunoblot (Fig. 3a) . Control HN12 cells express PDGF-B at baseline, the levels of which were reduced slightly in cells with either silenced SEMA4D or Plexin-B1 (Fig. 3b) . Interestingly, ANGPTL4 was not expressed by HN12 under any conditions (Fig. 3b) . To determine the ability to attract pericytes, we used media conditioned by control HN12 or HN13 tumor cells, cells with silenced Plexin-B1, or cells incubated with IgG or anti-PDGF-B blocking antibody as the chemoattractants for the pericyte line hPC-PL in Boyden chamber migration assays. Media conditioned by control infected and IgG treated HN cells induced hPC-PL migration compared to 0.1 % BSA (negative control, Fig. 3c ). Cells with silenced Plexin-B1, which would disrupt SEMA4D autocrine or paracrine signaling and reduce PDGF-B production, exhibited no appreciable reduction in migration (Fig. 3c,  PB1 shRNA), while media from HN12 and 13 incubated with anti-PDGF-B antibody (a-PDGFB) showed a slight inhibition in migration. Results of the migration assay are quantified in Fig. 3d . These findings suggest that autocrine or paracrine SEMA4D/Plexin-B1 signaling contributes only slightly to production of PDGF-B in tumor cells and that there are likely other mechanisms for its production 
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and other chemoattractant proteins made by cancer cells that influence the migration of pericytes. Despite these results, we do know that HN12 cells and other tumor cells lines and tissues express SEMA4D [6] , and we previously saw that sSEMA4D robustly increased expression of PDGF-B and ANGPTL4 in HUVEC well above baseline. We therefore wanted to examine the effects of tumor-derived sSEMA4D on production of these proteins in endothelial cells. We treated control HUVECs, those with silenced Plexin-B1, and HUVECs incubated with C3, with media conditioned by HN12 cells and looked for production of PDGF-B and ANGPTL4 in an immunoblot. We observed high levels of these proteins in controls, but not in HUVEC with silenced Plexin-B1, where SEMA4D would have no effect, or in cells growing in C3, which inactivates Rho signaling pathways (Fig. 3e) . To determine the in vitro significance to these findings, we performed tumor xenografts in mice using control HN12 and 13 cells, those with silenced SEMA4D to disrupt Plexin-B1 signaling in the tumor and vessels of the stroma, and cells with silenced Plexin-B1, which would still elicit SEMA4D-mediated effects on endothelial cells (and then indirectly on pericytes) but fail to activate autocrine or paracrine signaling in the tumor, and examined tumor vascularity and pericyte content of the tumor stroma by immunofluorescence. We observed that silencing SEMA4D in HN cells resulted in reduced tumor vascularity and pericytes, as we have noted previously [8] (Fig. 3f) . Silencing Plexin-B1 resulted in no appreciable effect on tumor endothelial cells and only a slight reduction in pericyte numbers (Fig. 3f) . These results are quantified in the bar graph in Fig. 3g . Taken together these results show that SEMA4D/Plexin-B1 autocrine or paracrine signaling plays a small role in PDGF-B production by tumors and subsequent influence over vasculature, while tumor-derived SEMA4D very strongly induces production of PDGF-B and ANGPTL-4 in endothelial cells, influencing association of endothelial cells with pericytes.
SEMA4D/Plexin-B1-mediated induction of ANGPTL4 in HUVEC causes internalization of VE-cadherin
Originally identified in adipose tissues and liver and believed to be involved in lipid metabolism, ANGPTL4 is now known to be a multifaceted protein important in homoeostasis, wound repair, tumorigenesis, angiogenesis, and redox regulation [39] . Reports have suggested that ANGPTL4 is pro-angiogenic and pro-metastatic, enhancing both of these processes through disruption of VEcadherin function in endothelial cells and weakening of cell-cell junctions [18, 20, 21] . To determine the biological significance of increased ANGPTL4 production by HUVECs in response to SEMA4D, we incubated control HUVECs or HUVECs with silenced ANGPTL4 (Fig. 4a ) with VEGF and sSEMA4D and looked for effects on VEcadherin expression. Control HUVECs demonstrated cell surface VE-cadherin, evidenced by loss of signal in immunofluorescence analysis of cells following acid washing, which removes cell surface proteins (Fig. 4b, first  panel) . As expected, VEGF, which is known to induce vascular leakiness through endothelial cell retraction, retained VE-cadherin immunofluorescence as it was internalized and protected from acid wash (second panel). VEGF-mediated internalization likely does not involve ANGPTL4, as its silencing had no effect (third panel). While sSEMA4D treatment resulted in the same response as VEGF, with VE-cadherin internalization and loss of cell-cell contacts (fourth panel), when ANGPTL4 was silenced, sSEMA4D failed to cause internalization of VEcadherin, thereby preventing vascular permeability (last panel). These results indicate that ANGPTL4 is required for SEMA4D-mediated internalization of VE-cadherin and vascular permeability.
Discussion
A great deal of research effort has been put into studying the effects of tumors and their products on endothelial cells, particularly as it relates to tumor-induced angiogenesis. The classic examples are the many isoforms of VEGF, which are known to induce endothelial cell proliferation, chemotaxis, and enhancement of vessel permeability [40, 41] . Our own work has identified SEMA4D as a similar product of some malignancies that is chemotactic for endothelial cells and can enhance blood vessel content for the purpose of promoting tumor growth [4, 6] . However, only recently has a focus been placed on deciphering how malignancies affect mural cells such as pericytes, which regulate vessel integrity, maintenance, survival, and function [42] . Such work could have great significance for control of pathological angiogenesis, as attempting to inhibit pericyte association with endothelial cells along with targeting the endothelium itself is an emerging aspect of anti-angiogenic intervention in the treatment of cancer. Indeed, though tumor vessels are known to be heterogeneous in their pericyte coverage, there is evidence that anti-angiogenic therapy targeting VEGF/ VEGFR-2 may lead to ablation of naked endothelial tubes only, while pericyte covered segments remain resistant, possibly contributing to treatment failure [43] [44] [45] . In an attempt to evaluate the effects of SEMA4D inhibition on tumor-induced angiogenesis and compare it to VEGF blockade, we noted that inhibition of both restricted tumor vascularity and size but vessels forming under conditions of VEGF blockade retained their association with pericytes while those arising in a background of SEMA4D/Plexin-B1 deficiency did not [8] . We therefore looked for possible mechanisms for how SEMA4D blockade would not only decrease vascular density but also affect pericyte coverage and vascular stability.
We have previously shown that many of the proangiogenic effects of Plexin-B1 signaling are mediated by the small GTPase RhoA, including activation of AKT and ERK [46] . While RhoA plays a key role in cell migration, adhesion, and stress fiber formation, it also regulates gene expression and nuclear signaling [47] . We noted that treatment of HUVEC with SEMA4D induced production of PDGF-B in a Plexin-B1/RhoA-dependent manner. PDGF-B is a crucial factor in the activation and recruitment of pericytes to newly formed vessels [11] . PDGF-B is normally expressed by sprouting capillary endothelial cells only at sites where active angiogenesis is taking place, whereas its receptor, PDGFR-b, is found on pericytes [48, 49] . We were interested in examining if tumor cells have the ability to differentiate and recruit pericytes when establishing new blood vessels via SEMA4D-mediated induction of PDGF-B, either from endothelium or possibly tumor cells themselves, as both endothelial and nonendothelial cells have been shown to recruit pericytes to tumor blood vessels through PDGF-B signaling networks [34, 50] . We demonstrated that SEMA4D from HNSCC cells exerted a small autrocrine effect on production of PDGF-B but more importantly seemed to induce its production from endothelial cells, explaining why we observed such a robust influence on pericyte proliferation and migration in media conditioned by SEMA4D treated HUVEC, and association of pericytes with HUVECs in coculture, effects that could be inhibited by concurrent administration of PDGF-B blocking antibody or silencing of HUVEC Plexin-B1.
Pericytes are believed to arise at least in part by PDGF-B-induced differentiation of mesenchymal stem cells, which also have the potential to differentiate along an endothelial lineage in the presence of VEGF [12, 23, 51] . We showed that media conditioned by HUVECs treated with SEMA4D induced RGS5, NG2 and a-SMA expression in C3H/10T1/2 embryonic mesenchymal stem cells, markers of pericyte differentiation [24, 35] . The model we propose for SEMA4D and VEGF is illustrated in Fig. 5 , and could explain our original observation (and that of others [10] ) as to why inhibition of VEGF in tumors leaves the few remaining vessels with pericyte coverage: while VEGF inhibition prevents formation of new endothelial cells from stem cell precursors and enhances apoptosis of newly formed endothelial cells without pericyte protection (naked endothelial tubes), unaffected PDGF-B production induced in surviving endothelial cells by tumor-derived SEMA4D directs differentiation of mesenchymal stem cells toward a pericyte linage. The unintended consequence would be VEGF blockade indirectly driving differentiation of stem cells to pericytes [51] , resulting in sheathed, stable vessels protected from further anti-angiogenic intervention, and attenuated effectiveness of anti-angiogenic therapy. In contrast, inhibition of SEMA4D also causes endothelial cell apoptosis and reduced vascular density [8, 9] but decreases available PDGF-B, leading to fewer pericytes. Vessels without pericyte sheaths are immature and may be more reliant on growth factors like VEGF for survival. Blocking SEMA4D could therefore render vessels more susceptible to destruction when combined with VEGF 
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blockade. In fact, we have observed enhanced endothelial cell apoptosis and greatly reduced size of tumors when both SEMA4D and VEGF were inhibited compared to inhibition of either factor alone, and growth arrest even in anti-VEGF therapy-resistant neoplasms, suggesting that SEMA4D blockade could not only be an excellent form of treatment concurrent with anti-VEGF therapy but also when anti-VEGF therapy has failed [8, 9] . Anti-SEMA4D therapy also would likely be very safe, as Plexin-B1 signaling is redundant in normal vascular development [52] . While investigating SEMA4D-mediated induction of PDGF-B from HUVEC, we also noted upregulation of ANGPTL4, another significant difference in the response of endothelial cells from that of VEGF. Previous studies have identified ANGPTL4 as a hypoxia-related gene, with endothelial cells exhibiting elevated ANGPTL4 mRNA and protein levels in response to low oxygen tension [18] . There is evidence that ANGPTL4 exerts a VEGF-independent proangiogenic effect, suggesting that it could be a key modulator in tumor angiogenesis, particularly in a hypoxic microenvironment caused by a rapidly growing malignancy. For example, ANGPTL4 is important in Kaposi Sarcoma, where its expression enhances endothelial cell migration and differentiation, both of which are important in angiogenesis and tumor vascularity [19] . Neovascularization also influences the metastatic spread of cancer cells throughout the body. Indeed, the vascularization levels of most solid tumors are thought to correlate with metastatic potential, with metastasis depending upon not only blood vessel density but also increased vasculature leakiness which is required for passage of tumor cells in and out of the vessels, a process influenced by ANGPTL4. Studies have shown that ANGPTL4 disrupts vascular endothelial cell-cell junctions by directly interacting with VE-cadherin, increases permeability of lung capillaries, and facilitates trans-endothelial passage of tumor cells, thereby promoting metastasis [53] . Mice deficient in ANGPTL4 exhibit reduced vascular permeability and attenuated lung metastasis [20] . Our results support these findings, as we could demonstrate SEMA4D-mediated induction of ANGPTL4 from HUVEC which served to induce cadherin internalization and presumably vascular permeability (Fig. 5) , an effect that was lost upon silencing of ANGPTL4. We believe this would also result in enhanced metastasis of tumor xenografts, with disruption of SEMA4D/Plexin-B1/ANGPTL4 signaling suppressing this response, a possibility that we are currently investigating.
While treatments with VEGF inhibitors like Avastin have shown clinical benefit, more dramatic results might be achieved by combination therapy with other anti-angiogenic agents. It is known that SEMA4D, both soluble and derived from tumors, can promote angiogenesis in a VEGF-independent manner. Here we show that it not only does this directly, but it acts upon endothelial cells to recruit pericytes to these newly formed vessels, a process which serves to stabilize and protect vessels from antiangiogenic intervention, and to induce ANGPTL4, which itself is pro-angiogenic and also promotes vascular permeability and metastasis. Combinations of anti-SEMA4D and anti-VEGF agents are likely to provide additional pruning of blood vessels and suppression of metastasis. VEGF production by tumors drives stem cells towards endothelial cell differentiation, enhancing angiogenesis in the tumor stroma. In the absence of VEGF, for example during anti-VEGF therapy, tumor cell SEMA4D would predominate. SEMA4D favors stem cell differentiation toward pericytes via endothelial production of PDGF-B and induces endothelial production of ANGPTL4, which itself is proangiogenic and promotes vascular permeability. In the absence of SEMA4D endothelial cells would fail to make PDGF-B, thus reducing the number of pericytes, and the remaining vessels would be less permeable concurrent with a reduction in ANGPTL4
